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ABSTRACT. Increases in the frequency and magnitude of disturbances associated with the thawing of ice-rich permafrost 
highlight the need to understand long-term vegetation succession in permafrost environments. This study uses field sampling 
and remote sensing to explore vegetation development and soil conditions following catastrophic lake drainage in Old 
Crow Flats (OCF). The data presented show that vegetation on drained lake basins in OCF is characterized by two distinct 
assemblages: tall willow stands and sedge swards. Field sampling indicates that these alternative successional trajectories 
result from variation in soil moisture following drainage. Increased willow mortality on older drained basins suggests that 
intraspecific competition drives self-thinning in shrub thickets. This finding, combined with data from paleoecological studies 
and contemporary vegetation in OCF, suggests that willow stands on drained lake basins are seral communities. These results 
also indicate that the increase in number of catastrophic drainages that occurred between 1972 and 2010 will alter regional 
vegetation in ways that affect wildlife habitat, permafrost conditions, and local hydrology.
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RÉSUMÉ. L’accroissement de la fréquence et de l’ampleur des perturbations liées au dégel du pergélisol à forte teneur en 
glace fait ressortir la nécessité de comprendre la succession de la végétation à long terme en milieu de pergélisol. Grâce à des 
travaux d’échantillonnage sur le terrain et à des données obtenues par télédétection, cette étude explore le développement de la 
végétation et les conditions du sol suivant le drainage catastrophique du lac de la plaine Old Crows (POC). Selon les données 
obtenues, la végétation des bassins lacustres drainés de la POC relève de deux assemblages distincts : des peuplements de 
grands saules et des peuplements de foin plat. L’échantillonnage sur le terrain indique que ces trajectoires de succession 
différents découlent de la variation de l’humidité du sol après le drainage. Le taux de mortalité accru des saules dans les 
bassins drainés plus anciens suggère que la compétition intraspécifique entraîne l’autoréduction dans les taillis d’arbustes. 
Alliée aux données émanant d’études paléoécologiques et aux données sur la végétation contemporaine de la POC, cette 
observation suggère que les peuplements de saules des bassins lacustres drainés sont des communautés de succession. Ces 
résultats indiquent aussi que l’augmentation du nombre de drainages catastrophiques qui se sont produits entre 1972 et 2010 
aura pour effet d’altérer la végétation régionale, ce qui aura des incidences sur l’habitat de la faune, les conditions du pergélisol 
et l’hydrologie de la région.
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INTRODUCTION
Growing evidence indicates that the frequency and 
magnitude of natural disturbances at high latitudes are 
increasing. Subarctic wildfires have become larger and 
more frequent (Kasischke and Turetsky, 2006), the area 
burned by tundra fire is increasing (Higuera et al., 2008; 
Rocha et al., 2012), and disturbances related to thawing 
permafrost (thermokarst) show accelerated growth rates 
and increased frequency in many regions (Lewkowicz 
and Harris, 2005; Kokelj et al., 2013; Lantz and Turner, 
2015; Segal et al., 2016). Recent studies also indicate that 
increased flooding and salinization of coastal areas is 
affecting plant communities in Arctic terrestrial ecosystems 
(Arp et al., 2010; Kokelj et al., 2012; Lantz et al., 2015). It 
is anticipated that continued development in the North will 
also increase the area of tundra affected by disturbance 
(Holroyd and Retzer, 2005; Burn and Kokelj, 2009).
Field studies show that northern ecosystems exhibit 
a range of recovery trajectories following disturbance 
(Walker et al., 1987). Disturbances such as tundra fire and 
seismic exploration create relatively small and transient 
changes in vegetation structure and species composition 
(Kemper and Macdonald, 2009b; Bret-Harte et al., 2013). 
Conversely, disturbances like severe Subarctic fire and 
retrogressive thaw slumping, which remove vegetation 
cover and soil organics, can facilitate the development and 
persistence of alternative successional trajectories (Lantz 
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et al., 2009, 2010). In Arctic coastal environments, high 
soil salinity following storm surges or the thawing of salt-
rich marine sediments can completely inhibit vegetation 
recovery (Handa et al., 2002; Lantz et al., 2015). Since 
vegetation structure exerts strong controls on ecological 
processes (Chapin et al., 2000; Lantz et al., 2013), additional 
case studies are required to better understand successional 
trajectories in Arctic and Subarctic environments. 
In permafrost environments, thermo-mechanical erosion 
of near-surface ground ice can lead to complete or partial 
lake drainage (Mackay, 1988; Hinkel et al., 2003). These 
catastrophic drainages typically occur rapidly (within 
1 – 2 days) and create terrestrial surfaces that persist for 
millennia (Hinkel et al., 2003; Jorgenson and Shur, 2007). 
In many regions, lake drainage throughout the Holocene 
has created landscapes covered by drained basins of a 
variety of ages (Hinkel et al., 2003; Lauriol et al., 2009). 
Research combining historical photos and satellite imagery 
shows that the lake-rich landscapes in some regions are 
changing. In areas of discontinuous permafrost, reductions 
in the area and number of lakes have been observed (Smith 
et al., 2005; Riordan et al., 2006). In areas of continuous 
permafrost, recent studies have revealed both decreases 
(Labrecque et al., 2009; Jones et al., 2011; Lantz and 
Turner, 2015) and increases (Smith et al., 2005; Jones et 
al., 2011) in the number and area of lakes. Another recent 
study in continuous permafrost showed that the number of 
catastrophic drainages in the Tuktoyaktuk Coastlands has 
decreased in recent decades (Marsh et al., 2009). 
Considerable effort has been focused on understanding 
abiotic changes following lake drainage in the Low 
Arctic (Mackay and Burn, 2002a, b), and Ovenden 
(1986) examined plant communities seven years after 
the experimental drainage of a lake in the Tuktoyaktuk 
Coastlands. However, no published research has 
explored decadal-scale vegetation development following 
catastrophic drainage. In this paper, field sampling and 
remote sensing are used to explore vegetation development 
and soil conditions following catastrophic drainage in the 
Old Crow Flats, Yukon. 
METHODS
Study Area
The Old Crow Flats (OCF) is a low-lying ecosystem 
with its southern boundary located approximately 25 km 
north of the community of Old Crow (Fig. 1). The climate 
of the OCF is characterized by long, cold winters (mean 
daily temperature in January = −29.2˚C) and short, warm 
summers (mean daily temperature in July = 14.6˚C). Mean 
annual precipitation in Old Crow is 279 mm, approximately 
half of which falls as snow (Environment Canada, 2016). 
The boundaries of the OCF correspond roughly to the 
extent of a large glacial lake that was present in this area at 
the end of the Wisconsinan glaciation (Zazula et al., 2004).
Lakes cover approximately 23% of this area (Lantz and 
Turner, 2015), which is bisected by the drainage network of 
the Old Crow River (Fig. 1). Abundant terrestrial, riparian, 
and wetland environments in the OCF support large 
populations of fish, moose, muskrat, and migratory birds 
(Smith et al., 2004). The terrestrial surface of the OCF is 
dominated by a mix of upright shrub tundra (Betula spp., 
Salix spp.) and dwarf shrub tundra (Ledum decumbens (Ait.) 
Lodd., Vaccinium spp.). Sphagnum-dominated peatlands 
are found in low-lying zones across the study area, and 
spruce woodlands dominate sites adjacent to major rivers, 
creeks, and some south-facing slopes. Shallow lakes 
that host an abundance of aquatic macrophytes (Nuphar 
polysepalum Engelm., Calla palustris L., Pogomogenon 
spp.) are also common in the study area (Smith et al., 2004).
The OCF is part of the traditional Territory of the Vuntut 
Gwitchin First Nation, who refer to this area in Gwich’in 
as Van Tat (‘land of many lakes’). Vuntut Gwich’in have 
used this culturally significant ecosystem for subsistence 
for thousands of years (Vuntut Gwitchin First Nation and 
Smith, 2009). In 1982, the OCF was designated a Wetland 
of International Importance under the Ramsar Convention. 
A large portion of the OCF is within the boundaries of 
Vuntut National Park, and the remainder is included in a 
conservation agreement between the Yukon and Vuntut 
Gwichin governments (Parks Canada et al., 2010). Drained 
lake basins ranging in age from less than 10 to more than 
11 000 years old are common in the OCF, indicating that 
FIG. 1. Map of the study area in the Old Crow Flats. Lakes are shown in 
light grey and major drainages as solid black lines. Sites visited in the field 
(n = 8) are shown as stars, and lakes included in the broad-scale assessment 
(n = 21) are shown in dark grey. The grey line defines the area used for land 
cover classification. The inset map at the bottom left shows the location of the 
study area in northern Canada. 
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drainage has occurred throughout the Holocene (Ovenden, 
1986; Lauriol et al., 2009; Lantz and Turner, 2015). In the 
last several decades, Vuntut Gwich’in observers have 
reported changes in the vegetation of the OCF and noted an 
increase in the number of lakes draining and drying (Wolfe 
et al., 2011). An analysis of air photos and satellite imagery 
confirms that catastrophic lake drainage was four to five 
times more frequent between 1972 and 2010 than between 
1951 and 1972 (Lantz and Turner, 2015).
Field Sampling 
To characterize plant succession and environmental 
conditions following catastrophic lake drainage, detailed 
field surveys were conducted at five drained lake basins and 
three reference sites: a woodland and an upright shrubland 
underlain by mineral soil, and a dwarf shrubland underlain 
by organic soil (Fig. 1). Reference sites were selected to 
reflect variation in the dominant terrestrial vegetation 
at sites not affected by disturbance over the last several 
hundred years. Catastrophically drained lake basins of 
known age were selected using georeferenced air photos 
from 1951 and 1972 and Landsat images (1973 – 2010) from 
the USGS archive (Lantz and Turner, 2015). Drainage dates 
obtained using remote sensing were verified by collecting 
discs from the largest trees and shrubs present in each 
former basin. These cross sections were sanded, and growth 
rings were counted using a dissecting microscope. 
At each drained basin, four transects were established: 
two extending from the former shoreline towards the center 
of the basin, and two located on a random azimuth in a 
more central portion of the former lake. At each reference 
site, two transects were established within homogenous 
terrain. All transects were 80 m long and included nine 
sample points positioned at 10 m intervals. At each point, 
plant community composition was measured by visually 
estimating percent cover in quadrats. For tall shrubs, 
namely Salix spp., Betula spp., and Alnus crispa (Drylander 
ex. Ait.) Pursh, cover was estimated using 5 m2 quadrats, 
each centred on a sample point. For dwarf shrubs, herbs, 
forbs, mosses, and lichens, cover was estimated using 
0.5 m2 quadrats randomly nested within the 5 m2 plot. 
Vascular plant nomenclature used throughout this paper 
follows Cody (2000). Within each 5 m2 quadrat, the number 
of tall shrub stems (living vs. dead) was counted and their 
diameter and height were recorded. 
Along each transect several abiotic variables were also 
measured every 10 m. In late August 2009, thaw depth 
was measured by pushing a graduated steel probe into the 
ground to depth of refusal. Soil moisture in the upper soil 
horizon (0 – 25 cm) was described qualitatively by digging 
a small hole (~25 × 25 cm) and using the moisture codes 
(1 – 10) described by Smith et al. (2007). The thickness of 
the soil organic layer was measured by using a trowel to 
expose the interface between mineral and organic horizons 
inside this hole. 
Statistical Analysis
To explore differences in community composition among 
drained basins and reference sites, the statistical software 
PRIMER was used to conduct two analyses of vascular 
plant abundance data (Clarke and Gorley, 2001). The first 
analysis included all sample sites and used PRIMER to 
perform a non-metric multidimensional scaling (NMDS) 
ordination of a Bray-Curtis distance matrix calculated 
from the percent cover data. Subsequently, ANOSIM 
(Analysis of Similarities) was used to test whether species 
composition differed among sites. The RANOSIM statistic 
expresses the similarity between groups using a range of 
zero to one (Clarke and Gorley, 2001). The significance 
of the RANOSIM statistic was calculated by performing 
9999 randomizations of the original data. To identify the 
species making the largest contribution to differences 
between sites, the SIMPER function in PRIMER was used 
to calculate the percent contribution of each species and 
species group to the Bray-Curtis dissimilarities among sites 
(Clarke and Gorley, 2001). 
The second multivariate analysis, a hierarchical cluster 
analysis using PRIMER and the Bray-Curtis distance 
matrix, focused on drained lake basins only. This limitation 
facilitated more detailed comparisons of community 
composition and allowed the assessment of differences 
in successional trajectories following lake drainage. 
To assess the species composition of clusters, a 40% 
similarity threshold was used to define a small number 
of homogenous groups, which were compared using the 
SIMPER procedure. In this analysis, the group average 
option was used to create final clusters. The relationship 
between these groups and individual basins was also 
explored visually using NMDS ordination. To examine 
correlations between community structure and the abiotic 
parameters measured at drained lake basins, the ENVFIT 
function in the VEGAN package for R was used to evaluate 
relations among environmental variables and NMDS 
scores (R Development Core Team, 2008). The matrix 
of normalized environmental variables used included 
soil moisture, thaw depth, percent bare ground, organic 
layer thickness, litter layer thickness, canopy height, and 
living and dead shrub stem density. The significance of 
correlations between abiotic variables and community 
composition was assessed using 9999 random permutations 
of the data (R Development Core Team, 2008). In both 
NMDS analyses, PRIMER was set to repeat analysis 20 
times and select the best two-dimensional representation 
of the original distance matrix (i.e., least stress) (Legendre 
and Legendre, 1998). The percent cover data used in both 
analyses was log(1 + x) transformed to reduce noise and 
ordination stress.
Broad-scale Pattern
The complex logistics associated with accessing 
multiple sites in the OCF (by float plane, canoe, and 
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hiking) restricted the number of sites where detailed data 
on vegetation structure and composition could be collected. 
To determine whether these differences are consistent with 
variation across the study area, landscape-scale variability 
in the vegetation on drained lake basins was characterized 
using data on the timing of lake drainage (Lantz and 
Turner, 2015) and a land-cover classification derived from 
an object-oriented classification of a SPOT-5 satellite 
image. This classification had overall accuracy of 83% and 
is described in more detail in Clarke et al. (2017). Together, 
these data were used to calculate the percent cover of 
the dominant vegetation on drained lake basins in two 
age classes: 1) lakes that drained between 1975 and 1992 
(n = 12) and 2) lakes that drained between 1997 and 2003 
(n = 9).
RESULTS
The drained lake basins surveyed in the field had 
vegetation structure distinct from that of the surrounding 
landscape. Drained lake basins between 12 and 43 years 
old were dominated by willows twice the height of the 
vegetation found at reference sites (Fig. 2). Only the oldest 
basin (~83 years) had a shrub canopy comparable to that 
of the reference shrub tundra site sampled (Fig. 2A). Stem 
density was also elevated on drained basins of intermediate 
age. It was highest at basin 3, where the number of live 
stems was close to double the mean density at the reference 
shrub tundra site (Fig. 2B). Drained lake basins more than 
30 years old also had higher densities of dead stems than 
reference sites and younger drained basins (Fig. 2C). 
Field sampling also revealed differences among sites 
in organic layer thickness and thaw depth. Drained basins 
1 to 4 all had shallower organic horizons than all the 
reference sites visited. In general, organic layer thickness 
increased with drained basin age, but approached levels 
found at reference sites (13 – 20 cm) only on basin 5 
(17 cm), the oldest basin sampled (Fig. 3A). Mean thaw 
depth generally declined with basin age and was generally 
higher at drained basins (38 – 62 cm) than at reference sites 
(29 – 34 cm; Fig. 3B). None of the drained lake basins visited 
in the field exhibited depressed margins as described by 
Roy-Léveillée and Burn (2016) at three older drained basins 
in the southeastern part of the study area.
Plant community composition also differed among 
sites (Tables 1 and 2). The youngest drained lake basin 
was dominated by moss, Eriophorum russeolum Fries, 
Carex aquatilis Wahlenb., and Senecio congestus (R. Br.) 
DC. and showed virtually no compositional overlap with 
other sites (Figs. 4 and 5; Tables 1 and 2). Drained basins 
2, 3, and 4 were all dominated by Salix spp. and Equisetum 
spp. and exhibited considerable overlap with each other, 
but were distinct from reference sites. Basin 5, the oldest 
drained basin sampled (~83 years), was dominated by moss, 
Salix spp., Carex aquatilis, and Ledum decumbens. This 
drained lake basin was distinct from the youngest drained 
lake basin, but showed some overlap with reference sites. 
Upright and dwarf shrub sites also exhibited some overlap 
in species composition, but both were distinct from the 
woodland site (Figs. 4 and 5; Tables 1 and 2). 
The NMDS analysis limited to drained lake basins 
showed a similar pattern. The youngest and oldest basins 
had species compositions distinct from each other, and the 
three basins of intermediate age (basins 2 – 4) exhibited 
considerable overlap (Fig. 4B). The CLUSTER analysis of 
FIG. 2. Vegetation structure at the sample sites in the Old Crow Flats. Bars 
show means for (A) vegetation height, (B) live shrub stem density, and 
(C) dead shrub stem density. Error bars show the standard deviation. Black 
bars show undisturbed sites, and grey bars indicate drained lake basins.
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plant abundance data on drained lake basins yielded groups 
that generally corresponded with the individual basins 
sampled (Table 3). Cluster C included all the plots sampled 
in the most recently drained basin and was characterized 
by an abundance of moss, Eriophorum russeolum, 
Carex aquatilis, and Senecio congestus (Table 4). Cluster 
B included the majority of plots sampled at basins of 
intermediate age and was typified by an abundance of 
Salix spp. and Equisetum spp. Cluster A included most of 
the plots in the oldest drained basin and was characterized 
by the dominance of moss, Salix spp., Equisetum spp., 
and Arctostaphylos rubra (Rehd. & Wils.) Fern. Cluster 
D included plots from three of the drained lake basins 
sampled, which were all dominated by the hydrophilic 
species Carex aquatilis (Fig. 4B, Table 4). Plots dominated 
by Carex aquatilis were patchily distributed and were found 
near basin centers and margins. Community composition at 
drained lake basins was also significantly correlated with 
physical conditions. Species composition in basins that 
had drained more than 10 years prior was associated with 
shallow thaw depth and more mesic soils. Community 
structure at the oldest drained basin was correlated with 
increased organic thickness. The MDS scores of sites 
dominated by Carex aquatilis (cluster D) were strongly 
correlated with increased soil moisture and the percent 
cover of bare ground (Fig. 4B). 
The vegetation structure encountered at the drained 
basins visited in the field was similar to the pattern observed 
at a broader scale. Land-cover data showed that basins that 
drained between 1997 and 2003 were dominated almost 
exclusively by a mix of shrub (tall willow) and herbaceous 
vegetation (sedge sward). Basins where drainage occurred 
between 1975 and 1992 were also dominated by shrub, but 
had slightly lower cover of herbaceous vegetation (Figs. 6 
and 7). 
DISCUSSION
Short-term Succession 
 
The data presented here show that catastrophic lake 
drainage in the Old Crow Flats leads to the development of 
two vegetation types. At the basin scale, these assemblages 
FIG. 3. Soil characteristics at the sample sites in the Old Crow Flats. Bars 
show means for (A) organic layer thickness, and (B) thaw depth. Error bars 
show the standard deviations. Black bars show undisturbed sites, and grey 
bars indicate drained lake basins.
FIG. 4. Non-metric multidimensional scaling (NMDS) ordination of plant 
community composition based on Bray-Curtis similarity matrices. Results 
are shown for (A) analysis of all sample sites and (B) analysis of drained 
basins only. In (B), the grey shaded areas (A – D) show the groups produced by 
cluster analysis, and the arrows show significant correlations between abiotic 
variables and NMDS scores. 
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form a mosaic that corresponds to differences in soil 
moisture across the drained surface. In dry to mesic areas, 
drainage is followed by the rapid development of dense 
stands of willow (primarily Salix pulchra and Salix 
glauca). The majority of the species that colonized the 
youngest basin we sampled have small seeds (Royal 
Botanic Gardens, Kew, 2008) and are well adapted to 
rapid dispersal (Epilobium palustre L., Eriophorum 
russeolum, Salix spp., Senecio congestus, and Stellaria 
longipes Goldie). All of these plants are well suited to the 
environmental conditions on drained surfaces, but the rapid 
growth of willows (Walker and Chapin, 1986; Cannell 
et al., 1988) results in the exclusion of most other species. 
Qualitative field observations made during this project 
suggest that competitive exclusion by willows can occur 
very rapidly. At the outset of this project, one of the largest 
lakes in the study area (~1223 ha) drained catastrophically 
(Turner et al., 2014). Photographs of the site taken two 
years after drainage clearly show that willow was already 
the dominant vegetation over much of the former basin 
(Fig. 8). Observations in the OCF are consistent with 
reports that upright shrubs dominate many recently drained 
lake basins in the Tuktoyaktuk Coastlands (Ovenden, 1986; 
Mackay and Burn, 2002a). However, these findings differ 
from field studies on the North Slope of Alaska, which show 
that early succession on drained lake basins is dominated 
by hydrophilic graminoids, including Dupontia fisheri 
R. Br., Eriophorum scheuchzeri Hoppe, and Arctophila 
fulva (Trin.) Rupr. (Billings and Peterson, 1980; Zona et 
al., 2010). This difference suggests that variations in local 
climate and the regional species pool may also alter the 
direction of succession following catastrophic drainage.
The rapid development of tall shrub thickets has also been 
observed on retrogressive thaw slumps and following tundra 
fires that removed surface organics (Lantz et al., 2009, 2010). 
However, unlike these disturbance sites, drained lake basins 
are not completely colonized by willow. Broad-scale data 
on vegetation cover derived from a terrain classification in 
recently drained basins show that willow thickets on drained 
lake basins are interspersed with large areas of herbaceous 
vegetation (Fig. 6). The correlation between sites dominated 
by Carex aquatilis and high soil moisture indicates that the 
direction of succession following drainage is determined 
primarily by soil conditions, with waterlogged sites limiting 
the establishment of willow and other shrubs that typically 
thrive after tundra disturbance (Johnstone and Kokelj, 2008; 
Kemper and Macdonald, 2009a; Lantz et al., 2009, 2010). 
This explanation is consistent with the pattern seen on 
oblique aerial photos of lake basins that drained in the last 35 
years. These images show that areas of herbaceous vegetation 
dominated by sedges tend to occur in low-lying parts of 
drained lake basins (Fig. 7). Macrofossils of Salix spp. and 
Carex spp. found near the base of peat cores collected in the 
OCF and Bluefish Basin (Ovenden, 1982; Lauriol et al., 2009) 
raise the possibility that these willow- and sedge-dominated 
plant communities have been co-occurring on drained lake 
basins since the early Holocene.
FIG. 5. Photographs of the drained basins sampled in the Old Crow Flats. (A) 
drained basin 1 (3 years old; 68˚ 7′14″ N; 139˚50′21″ W), (B) drained basin 
2 (12 years old, 68˚7′29″ N, 139˚49′32″ W), (C) drained basin 3 (33 years 
old, 68˚8′30″ N, 140˚1′12″ W), (D) drained basin 4 (43 years old, 68˚11′21″ 
N, 139˚56′48″ W), (E) drained basin 5 (~83 years old, 68˚3′43″ N, 139˚51′10″ 
W). Note the spruce and birch saplings visible towards the center of basin 5 
(arrows).
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TABLE 1. Pair-wise comparisons of plant community composition between field sites using the ANOSIM procedure. U. Shrub = Upright 
Shrub and D. Shrub = Dwarf Shrub. RANOSIM values higher than 0.75 indicate well-separated groups, values between 0.5 and 0.75 describe 
overlapping but distinguishable groups, and values less than 0.25 represent groups that cannot be separated (Clarke and Gorley, 2001). 
 Basin 5  Basin 4  Basin 3 Basin 2 Basin 1 D. Shrub U. Shrub
Woodland 0.52 0.85 0.906 0.999 0.919 0.857 0.909
U. Shrub 0.691 0.934 0.935 0.999 0.866 0.394 
D. Shrub 0.693 0.918 0.925 0.999 0.923  
Basin 1 0.713 0.807 0.705 0.955   
Basin 2 0.844 0.291 0.412    
Basin 3 0.393 0.152     
Basin 4 0.508      
TABLE 2. Results of the SIMPER analysis characterizing similarity in community composition at the sites sampled in this study. The 
table shows the top five species (or species groups) that make the greatest contribution to the between-group Bray-Curtis similarity for 
each vegetation type. The mean cover (untransformed) of each species is shown in the second column. 
Site type / Species Mean cover (%) Mean similarity SD Percent contribution Cumulative similarity
Woodland (Mean similarity = 61.09)
 Moss  35.4  12.96  3.94  21.21 21.21
 Ledum decumbens  7.9  8.71  6.30  14.25 35.46
 Vaccinium uliginosum  9.9  7.87  2.11  12.89 48.35
 Eriophorum vaginatum  4.8  4.92  2.18  8.05 56.39
 Arctostaphylos rubra  4.8  4.05  1.13  6.63 63.03
Dwarf shrubland (Mean similarity = 65.56)
 Ledum decumbens 27.7  14.76  2.58  22.51 22.51
 Fruiticose lichen 16.5  10.00  1.48  15.26 37.77
 Rubus chamaemorus 7.2  8.85  5.72  13.50 51.27
 Betula glandulosa 10.6  8.18  1.49  12.48 63.75
 Vaccinium vitis-idaea  10.6  8.16  1.74  12.45 76.20
Shrubland (Mean similarity = 62.95)
 Ledum decumbens 38.6  19.83  3.26  31.50 31.50
 Vaccinium vitis-idaea  32.3  18.79  5.62  29.85 61.34
 Betula glandulosa 18.1  9.45  1.25  15.01 76.35
 Moss 8.1  7.99  1.33  12.69 89.04
 Eriophorum russeolum 9.4  2.66  0.48  4.23 93.27
Drained basin 1 (Mean similarity = 50.50)
 Moss 19.0  16.16  1.79  32.01 32.01
 Eriophorum russeolum 21.0  11.64  1.02  23.05 55.06
 Carex aquatilis 6.8  6.70  0.83  13.27 68.32
 Senecio congestus 4.7  4.48  0.80  8.88 77.20
 Salix spp. 1.5  2.22  0.63  4.40 81.60
Drained basin 2 (Mean similarity = 72.64)
 Equisetum arvense 58.6  42.24  3.08  58.16 58.16
 Salix spp. 25.9  24.98  1.74  34.39 92.55
Drained basin 3 (Mean similarity = 53.12)
 Salix spp. 33.6  20.79  1.85  39.13 39.13
 Carex aquatilis 21.6  13.50  0.89  25.42 64.55
 Equisetum arvense 20.1  8.97  1.00  16.88 81.43
 Moss 9.6  7.02  0.92  13.22 94.65
Drained basin 4 (Mean similarity = 57.56)
 Salix spp. 40.3  23.38  1.79  40.61 40.61
 Equisetum arvense 28.3  18.42  1.59  31.99 72.61
 Moss 12.7  7.41  1.05  12.88 85.49
 Carex aquatilis 3.4  3.52  0.63  6.11 91.60
Drained basin 5 (Mean similarity = 51.75)
 Moss 50.9  20.87  2.76  40.32 40.32
 Salix spp. 16.8  13.24  1.81  25.58 65.90
 Carex aquatilis 14.1  4.30  0.43  8.31 74.21
 Ledum decumbens 5.8  2.44  0.62  4.71 83.89
 Vaccinium vitis-idaea  6.0  2.44  0.62  4.71 83.89
Long-term Succession 
Although willow was widespread on the oldest drained 
lake basin sampled, it is unlikely that these populations will 
persist indefinitely. Decreases in willow height and stem 
density and increases in the density of dead stems on older 
drained basins suggest that intense intraspecific competition 
drives self-thinning in these stands. Self-thinning has been 
widely observed in several species of willow cultivated 
at high density (Verwijst, 1996; Bullard et al., 2002). It is 
possible that open-canopy willow communities will persist 
on older drained lake basins, but several lines of evidence 
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TABLE 3. Pair-wise comparisons of plant community composition 
among the clusters created using the hierarchical cluster 
analysis. RANOSIM values higher than 0.75 indicate well-separated 
groups, values between 0.5 and 0.75 describe overlapping but 
distinguishable groups, and values less than 0.25 represent groups 
that cannot be separated (Clarke and Gorley, 2001). 
 Cluster D Cluster C Cluster B
Cluster A 0.946 0.866 0.694
Cluster B 0.846 0.922  
Cluster C  0.812  
TABLE 4. Results of the SIMPER analysis characterizing similarity in community composition in the groups created using the 
hierarchical cluster analysis of drained lakes. The table shows the top five species (or species groups) that make the greatest contribution 
to the between-group Bray-Curtis similarity for each cluster shown on Figure 4. The mean cover (untransformed) of each species is 
shown in the second column. 
Site type / Species Mean cover (%) Mean similarity SD Percent contribution Cumulative similarity
Cluster A (54.77)
 Moss 54.7 23.45 4.42 42.81 42.81
 Salix spp. 18.0 13.72 2.10 25.05 67.87
 Equisetum arvense 4.6 3.17 0.67 5.79 73.65
 Arctostaphylos rubra 4.4 2.59 0.59 4.73 78.38
 Ledum decumbens 5.6 2.54 0.57 4.64 83.02
Cluster B (60.41)
 Salix spp. 22.8 26.88 2.71 44.49 44.49
 Equisetum arvense 28.5 22.35 1.45 36.99 81.48
 Carex aquatilis 8.0 6.51 0.76 10.78 92.27
Cluster C (54.86)
 Moss 19.1 19.29 3.19 35.15 35.15
 Eriophorum russeolum 18.4 11.49 1.05 20.94 56.09
 Carex aquatilis 6.6 7.99 0.97 14.57 70.66
 Senecio congestus 4.6 5.35 0.93 9.75 80.41
 Salix spp. 1.4 2.65 0.72 4.84 85.25
Cluster D (68.87)
 Carex aquatilis 58.0 65.08 2.76 94.50 94.50
suggest that these assemblages will be replaced by other 
plant communities. Lakes in the OCF that drained before 
the earliest air photos tend to be dominated by dwarf shrubs 
or mosses. Although the age of these basins is unknown, 
the fact that shrub thickets are uncommon on these older 
surfaces strongly suggests that tall willow communities 
are seral. This suggestion is consistent with the vegetation 
transitions described by Ovenden (1982) using a peat core 
collected in the southern part of the OCF. At that site, the 
terrestrialization of a shallow lake involved transitions 
(over 11 000 years) from 1) a wet sedge-shrub community, 
to 2) a wet sedge fen, to 3) a shallow Sphagnum bog, and 
ultimately, to 4) a dwarf shrub heath.
It is likely that the willow thickets on drained lake basins 
in the OCF will be replaced by later seral vegetation as is the 
case with many shrub-dominated communities in temperate 
and boreal ecosystems (Foote, 1983; Morneau and Payette, 
1989; Chapin et al., 1994). However, it is unclear whether 
the willow-sedge mosaics described here will transition to 
the tussock and dwarf shrub communities that currently 
dominate older drained basins in the OCF, Alaskan Coastal 
Plain, and Tuktoyaktuk Coastlands (Billings and Peterson, 
1980; Ovenden, 1986; Jones et al., 2012) or will follow 
another successional trajectory in response to the warmer 
and wetter climate in the OCF today (Porter and Pisaric, 
2011; Lantz and Turner, 2015). The presence of spruce and 
birch saplings, dwarf shrubs, and hydrophilic sedges on the 
older basins sampled indicates that longer-term succession 
FIG. 6. Vegetation structure at drained lake basins in two age classes: (A) 
1997 – 2003 (5 – 11 years old) and (B) 1975 – 1992 (16 – 33 years old). Bars 
show the mean cover of major functional groups based on a land cover 
classification derived from SPOT satellite imagery. Error bars show the 95% 
confidence intervals of the mean.
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on drained lake basins may result in the development of 
highly heterogeneous plant communities. At present, a 
limited understanding of Arctic and Subarctic succession 
on centennial and millennial time scales limits our ability 
to predict the combined impact of altered disturbance 
regimes and climate change on long-term vegetation 
structure (Johnstone and Chapin, 2003; Lantz et al., 2009; 
Cameron and Lantz, 2017). To better characterize past and 
current vegetation dynamics and to develop a predictive 
framework, ongoing monitoring should be combined 
with research employing longer chronosequences and 
paleoecological reconstructions based on multiple sites. 
Significance 
Lantz and Turner (2015) showed that catastrophic lake 
drainages between 1952 and 2010 increased the terrestrial 
surface of the OCF by 2896 ha (~1% of the terrestrial 
study area). The rapid development of shrub thickets 
interspersed with sedge sward in these areas will increase 
landscape heterogeneity and affect several significant 
FIG. 7. Oblique aerial photos of two partially drained lakes in the Old Crow 
Flats. The lake shown in (A) drained in 1977 (68˚00′34″ N, 140˚28′16″ W) and 
the lake shown in (B) drained sometime between 1950 and 1972 (68˚13′59″ N, 
139˚17′29″W). The younger lake (A) is dominated by dense productive willow, 
while the older surface (B) is covered in willow stands with numerous dead 
stems (grey-white areas). The willow stands in both images are interspersed 
with sedge sward (brown to olive green areas). 
ecosystem processes. Recent research in the OCF suggests 
that vegetation development on drained lake basins will 
have a positive impact on moose populations (Clarke et 
al., 2017). Conversely, ongoing community-based research 
in the OCF indicates that the residual ponds that remain 
after lake drainage are no longer suitable muskrat habitat 
(J. Brammer, pers. comm. 2016). 
It is likely that the development of willow thickets on 
drained lake basins will alter the hydrology of these basins 
by increasing winter snow capture. Mackay and Burn 
(2002a) reported that vegetation development following 
the experimental drainage of Lake Illisarvik increased 
snow entrapment across the former basin. This observation 
is consistent with numerous studies showing that tall 
vegetation increases snow capture (Pomeroy et al., 1997; 
McFadden et al., 2001; Sturm et al., 2001). Observations 
made at Illisarvik show that increased snow capture in 
drained lake basins can increase permafrost temperatures 
(Mackay and Burn, 2002a). At several drained basins in 
other parts of the Tuktoyaktuk Coastlands, tall willows are 
associated with ground temperatures (at 1 m depth) that 
remain above zero for the duration of the winter (Kokelj et 
al., 2017).
Increases in the frequency of lake drainage are also 
likely to influence regional carbon flux. Peat formation in 
drained lake basins over the course of the Holocene has 
created a large below-ground carbon stock (Vardy et al., 
1997; Hinkel et al., 2003; Jones et al., 2012). Jones et al 
(2012) estimated that in a 515 km2 area of northern Alaska, 
carbon stocks likely exceed 6.4 – 6.6 Tg of organic C. Field 
sampling south of Barrow, Alaska, confirms that basins of 
various age remain net carbon sinks during the summer 
(Zona et al., 2010). This finding suggests that more frequent 
lake drainage will increase localized carbon storage and 
may offset losses of soil carbon caused by other forms of 
thermokarst (Jones et al., 2012). However, to my knowledge, 
no studies have explored carbon flux on drained basins 
FIG. 8. Extensive willow cover on Zelma Lake (67˚55′16″ N, 139˚58′01″ W) 
two years after catastrophic drainage in 2007. The mallet shown at right is 
approximately 30 cm long. Photos: Kevin Turner.
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dominated by upright shrubs. Evidence that snow capture 
increases winter ground temperatures in drained lake 
basins dominated by tall willows raises the possibility that 
carbon emission from warm soils may offset any carbon 
sequestered by vegetation development at these sites (Wang 
et al., 2011). Future investigations should explore carbon 
fluxes on drained lake basins in regions where succession 
leads to the development of shrub thickets. 
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